A new turbulent plasma source at the SSX facility is described. The machine has several unique features. First, the MHD wind tunnel configuration has no applied magnetic field and has no net axial magnetic flux. Second, the plasma flow speed is on the order of the local sound speed (M ∼ 1), so flow energy is comparable to thermal energy. Third, the plasma β (ratio of thermal to magnetic pressure) is of order unity so thermal energy is comparable to magnetic energy. The MHD wind tunnel is proving to be a useful testbed for fundamental plasma turbulence studies.
Introduction
Turbulence in magnetohydrodynamic (MHD) fluids is characterized by large Reynolds numbers, both fluid R e = Lv/ν and magnetic R m = µ 0 Lv/η (where ν is the plasma viscosity, and η the resistivity), and activity over a range of spatial and temporal scales (Batchelor 1970; Frisch 1995) . In the solar wind, the best studied MHD turbulence laboratory (Goldstein 1995; Bruno 2013) , fully-developed turbulence is observed over 4 decades in space (km to 1000's of km) and time (seconds to 1000's of seconds). In laboratory plasmas, dynamical scales are more limited (Gekelman 1984) . In particular, the SSX MHD wind tunnel experiment displays dynamical activity over about a decade spatially (from a few cm to just a few 10's of cm) and a few decades temporally (a fraction of a µs to 10's of µs).
A hallmark of turbulence (Goldstein 1995) is the spectral transfer of energy in both spatial and temporal frequencies, characterized by magnetic energy spectra E B (k) and E B (f ) respectively. The typical picture of turbulent dynamics is that energy is introduced into the system at large spatial scales (ie low spatial frequency k) by either stirring or interaction with boundaries. Non-linearities drive the energy to ever-smaller scales where it is ultimately dissipated as heat. This flow in k-space establishes the energy spectrum (E B (k) for magnetic fluctuations, for example). For very large systems, with a substantial separation between the injection and dissipation scales, a self-similar powerlaw dependence can develop in the so-called "inertial range".
In 3D MHD systems, turbulence subject to certain constraints can lead to the emergence of large-scale structures (Brown 1997; Taylor 1974) . It can happen that quantities "inverse-cascade" to generate self-organized, large-scale structures out of the small-scale turbulence (Frisch 1975; Pouquet 1976) . It is also possible for turbulent magnetic energy to "selectively decay" relative to magnetic helicity leading to the emergence of large scale structures (Matthaeus 1980; Gray 2013; Cothran 2009 ). Finally, the turbulence itself can develop coherent structures related to reconnecting current sheets and intermittency (Schaffner 2014b ). Both energy spectra (Schaffner 2014c ) and structures (Schaffner 2014a) can be studied in a plasma wind tunnel configuration.
In section 2, we provide a machine description of the SSX MHD plasma wind tunnel.
Operation and a subset of machine diagnostics are described, including new images from a fast-framing camera. In section 3, we pose our major physics question: Is the statistical character of MHD turbulence universal? In section 4, we share some recent results from the SSX MHD wind tunnel, including a comparison of driven versus decaying magnetic fluctuation spectra. In section 5, future opportunities for an upgraded MHD wind tunnel are described.
Machine Description: MHD plasma wind tunnel
Typical laboratory experiments exhibiting MHD turbulence feature a large applied magnetic field generated by external coils. This is particularly true of devices designed for magnetic confinement fusion (e.g. reversed field pinch (Ren 2011) or tokamak (Bickerton 1979) ), since a strong toroidal field is important for stability but doesn't participate in the dynamics. In naturally turbulent plasmas, such as the solar wind or a pulsar magnetosphere, the magnetic field is completely dynamical, meaning that the magnetic field is convected along with the plasma flow and is generated entirely from currents flowing in the plasma. In addition, natural plasmas have a wide range of plasma beta, β ≡ (2µ 0 nkT )/B 2 . The solar corona has β ≪ 1, while the solar wind has β ∼ 1. Natural plasmas tend towards equipartition of thermal energy, magnetic field energy, and flow energy.
In figure 1 we plot the operating range of the SSX MHD plasma wind tunnel, as well as some other natural and laboratory plasmas. The axes are the flow speed normalized to the Alfvén speed (i.e. the Mach Alfvén number M Alf ) and the thermal energy normalized to the magnetic energy (i.e. the plasma β). Natural plasmas tend to evolve to a point of equipartition of magnetic, thermal, and flow energies (i.e. both β and M Alf near unity) noted by the star at the center of the figure. Most lab plasmas have a relatively high Alfvén speed because of low density and large applied magnetic field, and therefore relatively low M Alf , whereas the solar wind (near Earth) is highly supersonic M Alf ∼ = 10 with β ∼ 1. The solar wind data presented here are from both "slow" and "fast" wind as measured by the Cluster spacecraft (Sahraoui 2009; Alexandrova 2009) .
In what follows, we present a description of the SSX MHD plasma wind tunnel. The salient features are first, that the MHD wind tunnel configuration has no applied magnetic field and has no net axial magnetic flux. Second, the plasma flow speed is on the order of the local sound speed (M ∼ 1), so flow energy is comparable to thermal energy. Third, the plasma β (ratio of thermal to magnetic pressure) is of order unity so thermal energy is comparable to magnetic energy. The first section describes the operation of the plasma source, and the second section describes diagnostic capabilities.
Operation
The Swarthmore Spheromak Experiment (SSX) (Brown 1999 ) is a flexible facility used to study plasma merging, magnetic reconnection, and MHD turbulence with a variety of boundary shapes. The SSX device features a L ∼ = 1 m long, high vacuum chamber in which we generate n 10 21 m −3 , T 20 eV, B 0.5 T hydrogen plasmas. Plasma plumes are generated by pulsed magnetized plasma guns at either end of the device. Plasmas are accelerated to high velocity ( ∼ = 50 km/s) by the discharge current in the guns ( 100 kA) and injected into a highly evacuated target volume called a flux conserver. The flux conserver is usually cylindrical in shape and bounded by a thick, highly conducting copper shell. In a typical experiment (figure 2), plasma plumes are injected at either end of a flux conserver; dynamical merging and relaxation ensue. From Figure 1 . SSX plasma wind tunnel operating space (shaded region in blue). Most laboratory experiments operate in the regime of low plasma β and also at low Alfvén Mach number including tokamaks (e.g. TFTR), reverse field pinches (e.g. MST) and other laboratory astrophysics experiments (e.g. MRX) A more recent plasma dynamo experiment (MPDX) has, conversely, high Alfvén Mach number and β. The typical range of solar wind plasma is also indicated at high Alfvén Mach number and unity β. The SSX MHD wind tunnel operates closer to the point of equipartition of magnetic, thermal, and flow energies.
line-averaged measurements of n e , T e , T i , and B, we measure a plasma beta in the wind tunnel up to β ∼ 0.5 (Gray 2013 (Gray , 2010 .
For this study, we have implemented one plasma source in a high aspect ratio "wind tunnel" configuration (see figure 3(a) ). The wind tunnel has dimensions R = 0.08 m and L = 1.0 m (about 20 liters), but an extended length can be added as shown in figure  3 (b). The plasma gun can inject a magnetized plasma plume of either right-handed (RH) or left-handed (LH) magnetic helicity from either end of the machine. Operationally, this means that the discharge current in the gun can be either aligned or anti-aligned with the magnetic field imbedded in the inner electrode (referred to as "stuffing flux", Φ gun , in prior work). The magnetic helicity of the plume also determines the helical pitch of magnetic field lines in the final relaxed state in the wind tunnel (Gray 2013) . Colliding plasma plumes have also been studied but the dynamics are much more complex.
Plasma plumes are generated in the SSX wind tunnel by a discharge in a magnetized plasma gun. The operation is discussed in great length in the book by Bellan (Bellan 2000) . The gun is prepared with a fixed amount of "stuffing flux" emanating from its end. The guns and wind tunnel are initially highly evacuated. Approximately 1 cc-atm of pure hydrogen (a few 10 19 atoms) is puffed into the gun and high voltage is applied. Capacitor banks for the SSX plasma wind tunnel have C = 1.0 mF and can operate up to 10 kV (typically 4 kV at 8 kJ). The high voltage ionizes the gas and the subsequent high current (up to 100 kA) heats the plasma and ejects it out the gun. The stored energy in the plume is on the order of 1 kJ (an average field of 0.5 T in a 20 liter volume corresponds to 2 kJ).
Whether a plume of magnetized plasma emerges from the gun is a matter of pressure balance. The magnetic pressure in the gun must exceed the magnetic tension in the stuffing flux. Very approximately, if we equate the magnetic energies, we find:
More sophisticated analysis yields a coefficient slightly different from 2, but the so-called stuffing threshold of the gun λ gun is a constant of order unity (often a Bessel function zero) divided by a gun dimension (typically the radius of the inner or outer electrode).
A cryogenic pump provides the high vacuum (10 −8 torr) for the plasma wind tunnel. The interior walls of wind tunnel are cleaned by helium glow discharge conditioning (GDC) consisting of a dc discharge at 0.1 A, 400 V with about 100 µm of He and baking with a thermal blanket (100
• C) for several hours. In order to clean the Langmuir and Mach probes, probe tips are biased during He glow to collect ion current. We find that the plasma wind tunnel and probe need to be glowed and baked again after 30-60 discharges for best results. All discharges in this study had similar external parameters: I gun = 80 kA, Φ gun = 1.0 mW b, W bank = 8.0 kJ for the plasma source.
To add experimental flexibility, we recently mounted the SSX plasma wind tunnel (as shown in figure 2) onto a large expansion chamber (0.6 m diameter, 1 m long) so that we could image the emerging plasma plume with an intensified Xybion ISG-750 camera, and study turbulent statistics of the expanding plasma.
Diagnostics
General plasma diagnostics are discussed in textbooks (Hutchinson 2002 ), but diagnostics appropriate for plasma turbulence studies have particular demands. First and foremost, we require a diagnostic suite with high bandwidth. The time cadence should be fast enough to resolve the physics of interest. The proton cyclotron frequency in a typical laboratory magnetic field of 0.1 T is 1.5 M Hz. Each of the diagnostics below has bandwidth of at least 1 M Hz so that physics beyond the proton gyro frequency can be studied. Next, we would like the measurement to be local and non-perturbative. It is difficult to satisfy both requirements with the same diagnostic, so local probes (such as magnetic probes, Mach probes, and Langmuir probes) should be as small as possible. Non-perturbative diagnostics (such as a density interferometer, or a spectrometer) tend to provide line-averaged information. Finally, and importantly for a laboratory turbulence experiment, it is useful if turbulent quantities could be probed at multiple locations in the plasma and at high spatial resolution. This is a capability that is difficult in space plasmas (the tetrahedral Cluster satellite formation is the notable exception), but straightforward in a laboratory.
Magnetic probe array: Our principal measurement in the SSX MHD wind tunnel is that of magnetic fluctuations. Several aspects are critical for the design of a magnetic probe array. First,we require high spatial resolution and coverage spanning a correlation length. We also want to minimize the perturbation to the flow, so we opt for a single linear array of 16 probe triplets, separated by 4 mm. Second, we would like to maximize bandwidth so we use a single turn of magnet wire for each detector (3 mm inner diameter) to minimize self-inductance, and we encase the array in a quartz jacket to ensure rapid penetration of flux. Finally, we use 65 M Hz, 14 bit D-Tacq digitizers to ensure high bandwidth and sensitivity. A sensitivity of 14 bits corresponds to 2 14 or about 16,000 levels, so we can measure fields from gauss to Tesla. The typical range in the SSX plasma wind tunnel is B = 0.1 − 0.5 T . Careful calibration of the magnetic probe array is important and is described in detail in prior papers (Geddes 1998; Landreman 2003) . The essential idea is to construct a calibration matrix C that converts an array of measured voltages into a proper set of magnetic field components. The SSX MHD wind tunnel uses a carefully constructed Helmholtz coil set driven by the same pulsed power supply that energizes the plasma guns. The calibration technique consists of pulsing the Helmholtz coil with the magnetic probe array oriented successively in three orthogonal directions. A particular probe triplet in the array (with three orthogonal loops wound on precision Delrin forms) will sense signal in the three orthogonal directions. We estimate that our cumulative calibration error is about 1%.
Mach probe: Local velocity measurements are performed with a Mach probe. The idea is that ion current is collected on opposing faces of the probe. The component of the plasma velocity in the direction connecting the upstream and downstream faces is proportional to ln(J up /J down ). The proportionality constant is a matter of some controversy, but is of order unity. If high bandwidth current transformers are used, this diagnostic can be useful at very high frequencies (over 10 M Hz). The SSX Mach probe has a cylindrical Gundestrup geometry in which six evenly spaced tungsten electrodes are encased in a boron nitride turret (Zhang 2011) .
HeNe interferometer: It is useful to have a non-invasive diagnostic for turbulence studies. Unfortunately, as noted above, non-invasive diagnostics are generally non-local. The SSX plasma wind tunnel employs a He-Ne laser quadrature interferometer for measurements of line-averaged density (Buchenauer 1977) . The technique uses a modified MachZehnder configuration with a linearly polarized scene beam and a circularly polarized reference beam. The beams are de-coupled at the output using a Wollaston prism which generates signals proportional to the sine and cosine of the phase shift introduced by the plasma. The use of a circular polarizer in the reference beam effectively creates two coaxial linearly polarized beams (shifted in phase by π/2) so that the absolute phase shift due to the passage of the plasma plume can be unambiguously measured. The Wollaston prism separates the mixed circularly polarized beam into its two linearly polarized constituents (sine and cosine). The absolute phase is simply the arctan of the ratio of the signals. In a typical experiment at SSX, the scene beam passes through the plasma wind tunnel across a diameter (0.16 m), sampling plasma across a few mm wide beam. In figure 4 we show a time trace of the line-averaged density both for a single shot of the plasma wind tunnel and for an ensemble average, along with magnetic field (from the linear array) and Mach number (from the Mach probe).
Ion Doppler spectrometer: In the SSX plasma wind tunnel, radial flows and ion dynamics are monitored by our ion Doppler spectroscopy system (IDS, Figure 5 ) (Cothran 2006) . This is another example of a non-invasive diagnostic. Impurity ions are entrained in the flow and the line-integrated motions are measured with IDS. The SSX IDS instrument measures the width and Doppler shift of either the nascent C III impurity 229.7 nm line or a doped He II impurity 468.6 nm line to determine the temperature and line-averaged flow velocity. Because we use an eschelle grating, the velocity resolution of the instrument is 5 km/s, and the instrument temperature is about 3 eV . Since we use a CCD array, there is enough signal to resolve the full line within an MHD dynamical time (about 1 µs in SSX) for every discharge. Peak ion temperatures of 80 eV have been recorded during reconnection events as well as bi-directional outflows up to ±40 km/s (Brown 2012) . During reconnection and merging, we measure a period of reconnection-driven ion heating with peak temperatures for carbon T C ∼ = 50 eV and for helium T He ∼ = 70 eV (averaged over many shots). An example of IDS data is presented in figure 6 . The first three panels show radial outflows up to 50 km/s during a reconnection event resolved in 1 µs increments. Later in the discharge, the SSX plasma has relaxed and cooled to about 8 eV . All the data are summarized in Table 1 . Time of Flight Light Detectors: A set of four Thorlabs Det10A silicon-biased light detectors (200-1100 nm) have been installed along the wind tunnel extension chamber at intervals of 20 cm. The recorded light traces are used to monitor the velocity of the plasma plume as it is ejected from the gun toward the expansion chamber using a timeof-flight technique. Velocities observed in this manner range from 20 km/s to 100 km/s with most shots falling in a range of 50-60 km/s.
Intensified Camera: A Xybion ISG-750 intensified camera is used to capture visible spectrum images of the plasma plume as it emerges into the expansion chamber. The camera is situated approximately 50 cm above the chamber (see figure 3(b) ) and focused on the probes in the center of the chamber. The intensifier allows exposure times to be as short as 50 ns which is necessary in order to capture the structure of plasma moving 50 km/s (or 5 cm/µs) without significant blurring; however, only a single image can be taken on each shot. Temporal evolution of the plasma is reconstructed from multiple images at different camera trigger times. The camera images thus far have qualitatively verified the flux rope-like nature of the plasma structure. Figure 7 illustrates the typical evolution of the plasma plume in the expansion chamber. Figure 7(a) shows the plasma plume entering the field of view of the camera. The horizontal probe in view is a magnetic probe inserted coaxially with the plasma flow. It can register magnetic field direction in a vertical (y) and horizontal (x) direction (but not along the axial direction or z). Figure 7 (b) shows a plume that has fully emerged and still retains its flux-rope structure. Figure 7 (c) shows a point after the plume has expanded and the density dropped so no clear structures can be seen. As the plasma plume emerges from the 0.16 m diameter wind tunnel into the expansion chamber, the density drops from 10 21 m −3 to 10 20 m −3 or less. Only a disperse glow remains, though the magnetic probes still indicate the presence of significant fields. Figure 7(d-f) show the magnitude of the magnetic field vector in the xy-plane for each probe channel visible in the images. The dashed vertical line indicates the timing of the above camera image with respect to the magnetic field traces. The pink line indicates the light level using the Det10A detector situated to view inside the main chamber, but out of the view of the camera (hence the slight phase difference of the light curve with respect to the magnetic field and images).
Major research question: universality of MHD turbulence
It is well-established that turbulence in conventional fluids like air or water has several universal statistical properties. These properties would be the same whether the turbulence was in air inside a wind tunnel or in sea water inside a tidal basin. It is not known whether turbulence in magnetized MHD plasma has universal statistical properties, so we ask the major research question: is the statistical character of MHD turbulence universal? 3.1. Universality in conventional fluid turbulence The paradigm for fluid turbulence is the energy cascade of Komogorov. Fluctuation energy at different scales is represented in Fourier space as a wavenumber power spectrum, E(k). The picture of the energy cascade begins with energy injected at the largest scales (smallest k) by stirring or interaction with boundaries. Nonlinearities couple energy to smaller scales (larger spatial frequency k). In the inertial range, the only process at play is the transfer of energy from one wavenumber k to the next at a rate ǫ. According to an Figure 6 . IDS data from a reconnection event in SSX. The first three panels show dynamical flows up to 50 km/s in 1 µs time increments during a reconnection event. The last panel shows a quiescent warm plasma in a relaxed state late in the discharge (8 eV ).
Figure 7. Xybion camera images at three different times in the plasma evolution. The plume is emerging from the wind tunnel on the right. It is clearly non-axisymmetric and twisted as it moves to the left. An axial magnetic probe array is depicted horizontally (channels 6-11). A radial magnetic probe array appears at the bottom of the frame. The view is down into the expansion chamber.
hypothesis by Kolmogorov (Kolmogorov 1941) , the form of the wavenumber spectrum in the inertial range is:
Turbulence in magnetized plasmas is further complicated by magnetic diffusivity characterized by a second Reynolds number: dissipated by either viscosity or resistivity. Places in the fluid where there are sheared flows (vorticity) give rise to viscous dissipation. Places in the fluid where there are sheared magnetic fields (currents) give rise to resistive dissipation. The ratio of these two effects is given by the magnetic Prandtl number:
P r = R m R e = µ 0 ν η Plasmas can be dominated by either viscous or resistive dissipation. In the plasma wind tunnel described above, viscous and resistive dissipation are the same order and the magnetic Prandtl number is near unity.
Universality in plasma turbulence
The key reason why conventional turbulence is universal is because atoms and their interactions are truly microscopic (even "nanoscopic" to coin a phrase). Molecular viscosity in conventional fluids allows for a single dissipation scale, and it is far removed from other dynamical scales. The wavenumber spectrum for velocity fluctuations in a conventional fluid varies as E(k) ∝ k −5/3 because the rate at which energy is transferred from one scale to the next is proportional to v/ℓ ∼ kv, so the energy transfer rate (per unit mass) is ǫ ∼ kv 3 . In MHD turbulence, the wavenumber spectrum for magnetic fluctuations is often observed to behave the same way: E B (k) ∝ k −5/3 . This is because the rate at which magnetic energy is transferred from one scale to the next is proportional to V Alf /ℓ ∼ kb, so the magnetic energy transfer rate is ǫ ∼ kb 3 . Universality in plasma turbulence is complicated by several factors (Alexandrova 2009; Matthaeus 2011; Lee 2010 ). Faster transfer rates are possible (due to, say whistler waves) so the spectral index for E B (k) can be steeper than 5/3 in a whistler-dominated inertial range. In addition, a plasma presents multiple pathways for dissipation at multiple scales. Molecular viscosity in conventional fluids allows for only one dissipation microscale. Plasmas can dissipate energy via either resistivity or viscosity. Indeed, in the solar wind, where the collisional mean free path is on the order of the Sun-Earth distance (one AU), just how energy is dissipated is a matter of some controversy. There is evidently some collision-less or wave-based dissipation mechanism at play.
If the solar wind simply expanded and cooled adiabatically, then P V γ and T V γ−1 would be constant. Since a spherical shell of solar wind increases in volume like r 2 , then T r 2(γ−1) is also a constant for adiabatic expansion. If we use an adiabatic index of γ = 5/3, then the solar wind should cool like T ∝ r −4/3 . The best fit Voyager measurements out to 20 AU shows T ∝ r −1/2 (Matthaeus 2011), so some process is heating the solar wind without inter-particle collisions. Excess magnetic energy is converted to plasma pressure increasing β towards unity. Estimates put the solar wind heating rate at 1 AU at about 1 kW per kg.
In addition to dissipation mechanisms, the combination of two possible energy injection sources can complicate the dynamics. While neutral fluid turbulence has only flow energy to initiate the cascade, MHD turbulence can be driven by either flow or magnetic energy injection, and which channel dominates can perhaps effect dynamics. Moreover, turbulent energy can transfer back and forth between magnetic field and flow. For example, there is evidence that the solar wind turbulence is primarily driven by flow energy injection which is eventually transferred into magnetic fluctuations (Roberts 2010) . Similarly, turbulent magnetic spectra is observed in liquid metal experiments which have primarily flow turbulent energy (Nornberg 2006) . On the other hand, the energy injection source for turbulence in the SSX device is primarily magnetic (Schaffner 2014c) . The balance between flow-driven turbulence and magnetic-driven turbulence and its effect on turbulent characteristics such as spectra is a primary focus for forthcoming research into plasma turbulence universality on SSX as will be discussed below.
Finally, the boundary conditions on plasma turbulence can have an effect on turbulent characteristics. Again, in fluid turbulence, nanoscopic scale dissipation allows the effect of the boundary to be relatively minimized for inertial range and dissipation range effects even for relatively small systems. However, many characteristics scales that can exist in plasma turbulence (i.e. wave/instability scales, ion/electron Larmor and inertial length scales, etc.) can begin to be comparable to the size of the system. This issue can even be relevant on astrophysical scales. For example, magnetic turbulent spectra in the magnetosheath has been shown to generally be steeper than in the unbounded solar wind (Sahraoui 2006; Alexandrova 2008; Yordanova 2008) . While the reasons for this difference are still under investigation, it should be noted that the magnetosheath represents a strongly bounded plasma compared to the solar wind. In particular, the magnetic spectra observed in Yordanova 2008 bare a striking resemblance to that seen on SSX (Schaffner 2014c) in both spectral slope and breakpoint. Work to understand the effect of boundaries motivates the flexible configurations of SSX as well as for future larger-scale machines.
Reconnection as an element of turbulence
Another issue that confounds universality in plasma turbulence is that MHD turbulence can generate sites of magnetic reconnection that appear spontaneously and can be considered as an element of the turbulence itself . As the turbulence evolves, flux tubes are forced together and tangential discontinuities form at their boundaries. Local reconnection events embedded in the turbulence reveal themselves as large discontinuities in the magnetic field time series. A probability distribution function (PDF) of differences or increments of the magnetic field will exhibit non-Gaussian tails (Schaffner 2014b) .
Turbulence generates a sea of reconnection sites with a range of reconnection rates (Greco 2008 (Greco , 2009 . Coherent structures generated by the turbu-lence interact non-linearly, merge, and reconnect. Finally, the turbulence activates current sheets into a sea of reconnection sites. Active currents sheets can be patchy in space and intermittent in time. Understanding intermittency is a key aspect to the universality of plasma turbulence.
The dynamics of the turbulence can collapse tangential discontinuities in ever thinner current sheets where strong dissipation and heating can occur (Tsuranti 1979) . In this scenario, the appearance of coherent structures is driven by the cascade itself. The production of ever-smaller scales in the cascade requires a topological rearrangement of fields provided by magnetic reconnection. We can study the emergence of current sheets due to in situ dynamics by studying the non-Gaussian statistics of PDFs of increments in the MHD plasma wind tunnel (Schaffner 2014b ).
Major results: spectra and velocity
While much of the turbulence analysis on the compact wind tunnel configuration has already been reported (Schaffner 2014a,b,c) , these initial results can serve as a foundation and point of comparison for further research into the plasma universality topics discussed in the previous section. The addition of an extension tunnel with expansion chamber allows for exploration into the effect of modifying boundary conditions and flow.
In order to help add more flow energy to the plasma turbulence, a parameter scan was conducted of initial gun conditions in the extension wind tunnel with the goal of finding the maximal flow input energy to the system. Figure 8 shows the average velocity (starmarker) and standard deviation (error-bars) for plasma plumes in different initial stuffing flux and capacitor bank discharge voltages as measured using the light detectors and a time-of-flight calculation. Each marker represents an ensemble average of at least forty discharges. In general, the plasma velocities acheived are slightly faster in this extension configuration than in the compact tunnel configuration most likely due to the increased acceleration time from the J × B forces of the gun (analgous to the higher speed of a cannonball out of a longer tube). However, the increased effect from the extension is moderate. Figure 8 (a) does indicate that velocity increases with higher discharge voltages (which corresponds to higher peak current during the discharge and thus higher J × B forces in the gun). While pushing voltage in the bank can improve flow speeds somewhat, the maximal parameters of the bank and in particular the ignitron-switch are being reached. The other knob which can effect flow speed is the amount of stuffing flux applied to the gun. Figure 8(b) shows that peak velocities appear to be reached with moderate flux values. While some flux is necessary for the formation of the initial spheromak, too much can begin to retard the formation and the velocity of the plasma out of the gun. The results of this scan demonstrate the need for an alternate method of injected flow energy into the system and as such, a plasma accelerator design is proposed in the future opportunities section.
The effect of boundary on spectra is explored through comparison of magnetic fluctuations in the compact wind tunnel and in the expansion chamber as is shown in Figure 9 . The red curve indicates the magnetic fluctuation spectrum in the compact wind tunnel with data taken at the midplane of the tunnel as indicated by the probe position in figure 3(a) . The spectrum has power-law behavior over approximately two decades of frequency though a breakpoint is seen near 1 MHz which likely indicates the effect of a dissipation mechanism. The magnetic fluctuation spectrum of the expansion chamber, taken using the same radial magnetic probe, but now in the middle of the expansion chamber (as indicated in figure 3(b) ), is shown in blue. The spectrum has a peak in the power around 100 kHz which indicates that fluctuation energy has mostly settled into large scale fluctuations by a selective decay mechanism. Below this peak, the spectra is also power-law for approximately two decades but without a breakpoint and with a steeper slope. It should be noted that both spectra are placed arbitrarily on the y-axis with respect to one another so energy comparisons should not be made. While some comparisons can be drawn between these two spectra regarding the effect of the boundary, a major obstacle remains in that the expansion chamber are more temporally evolved and represent a decaying plasma turbulence rather than stationary turbulence. Efforts to improve the comparison are connected to the need for higher velocity injection; if the spheromak plasmas can be pushed into the expansion chamber earlier, more of the stationary turbulence of the system can be observed.
Note that both experimental spectra are steeper than that predicted by Kolmogorov theory which is represented by the gray line above. The reason why the experimental magnetic fluctuation spectra are steeper is not understood and constitute a major question going forward. It is possible that the difference is due to enhanced dissipation in our experiment and/or the close proximity of the wall. We are interested in exploring similar experiments on a larger scale to study boundary effects (discussed below).
Future opportunities
There are at least two major opportunities that we foresee in research with high velocity MHD plasmas as discussed above. First, we have found that plasma flow speed is clamped at about M = 1. It would be very useful to have a mechanism to accelerate a turbulent plasma to higher flow speeds (M ≫ 1). This would allow access to plasmas more like the solar wind as depicted in Figure 1 . Second, the SSX MHD wind tunnel has fully magnetized protons but the separation of scales is not large. We have seen that with 20 eV protons and an average field of 0.5 T, the proton gyro radius is about 0.1 cm, while the wind tunnel radius is about 8 cm, so R/ρ i ≈ 80. Eventually, a large scale MHD wind tunnel with perhaps a 1 m diameter would allow for R/ρ i 500 and perhaps two decades of inertial range. In the following, we discuss these future opportunities.
Plasma accelerator
The present SSX MHD wind tunnel configuration has a flow speed limited by the Alfvén speed of the plasma gun. In practice, we find the typical flow speed is a fraction of the Alfvén speed (60 km/s ± 10 km/s or M = 0.5). We plan to construct a multi-stage plasma accelerator to be installed in a new MHD wind tunnel extension. The idea is to pulse fast, high current theta-pinch coils sequentially behind the plasma plume. This is related to the traveling mirror concept (Bellan 1979) and to field-reversed configuration (FRC) acceleration techniques (Guo 2004; Binderbauer 2010) . The essential physics idea is that rapidly changing magnetic flux in the pusher coil displaces trailing plasma. Magnetic pressure builds behind the plume accelerating the plasma. Since the velocity of the plasma plume will be increased to over 100 km/s (10 cm/µs), the rise time of the pusher coils needs to be on the order of 1 µs. Since the initial kinetic energy of the plume is 50-100 J, each stage of the pusher circuit should have at least 100 J of stored energy. It's not clear what the coupling efficiency will be, so we plan to over-design the pusher circuit. Our goal will be to increase the kinetic energy to 200 J (an increase of a factor of 4 in kinetic energy; doubling the flow speed). This will require 40% efficiency from the acceleration modules. Our new 65 M Hz, 14-bit data acquisition system allows us to resolve temporal fluctuations down to about 1/30 µs. At flow speeds of 100 km/s (10 cm/µs), we will able to resolve spatial structures on the order of 1/3 cm as they move by our probes.
The quarter-cycle rise time for the coil circuit is τ 1/4 = π 2 √ LC, where L and C are the total inductance and capacitance of the circuit. A prototype coil has an inductance of 150 nH and a feedthru, capacitor and coax add at least 100 nH. We find that in order to drop the rise time to 1 µs, the design point is forced below 10 µF for the capacitor at over 5 kV (to attain 100 J of stored energy), and a very low inductance switch such as a spark gap is required.
Intermediate scale MHD wind tunnel
We suggest that an interesting laboratory plasma facility would be an intermediate scale magnetized plasma wind tunnel with length about 10 meters and diameter 1 meter. Our experience suggests that with large scale fields of 1000 gauss and plasma temperatures of 10's of eV, the dissipation scale would be less than 1 cm while the energy injection scale would be about 1 meter, providing two full decades of scale separation. The scale of the device would be approximately that of the LAPD device at UCLA. A key difference is that the MHD wind tunnel would be pulsed from a high flux, high energy source. The plasma source would be similar to that of the now closed SSPX spheromak device previously operated at LLNL (Hooper 2012) .
We envision that the vacuum chamber would consist of up to 10 48-inch long, 48-inch diameter sections. The plasma-facing material would be highly conducting copper perhaps 0.25 inch thick wall, 1 meter diameter, and 10 meters long. This is 4800 pounds of copper. We have found that it is critical to bake and plasma-clean the flux-conserving boundaries in vacuum. Copper (or a tungsten coating) can adsorb up to 10 20 H 2 molecules per square meter on its surface. A high velocity MHD wind can liberate the adsorbed gas, cooling the plasma and adding mass to the flow.
From our experience with the SSX prototype MHD wind tunnel, we estimate that 5-3000 liter per second cryo pumps are required. The plasma volume will be about 400 times that of our prototype wind tunnel so we estimate that a minimum of 40-500 µF , 10 kV capacitors (25 kJ each, 1 MJ total) would be required. A weak (100 Gauss) axial field would add some flexibility. Initial diagnostics would consist of a 100 magnetic probe array for high frequency fluctuation and correlation studies, a He-Ne interferometer system for density and density fluctuation studies, and ion Doppler spectroscopy for ion temperature studies.
[!h] Figure 10 . Preliminary design of 10-meter MHD wind tunnel. The main vacuum chamber features nine 48-inch sections. The 10-meter copper drift tube is placed inside.
